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INVESTIGATION OF 

BATTERY ACTIVE NICKEL OXLDES 

by 

P. R i t t e m a n  and H. N. Se ige r  

A study of t h e  methods used i n  determining the  s t r u c t u r e  
of t h e  n i c k e l  oxide e l e c t r o d e  revealed t h a t  one could g e t  more 
s a t i s f a c t o r y  r e s u l t s  when ,X-raying a p l a t e  wi thout  po lye thylene  
covering . 

A p o s s i b l e  means o f  determinat ion of s t r u c t u r e  and com- 
p o s i t i o n ,  as r e l a t e d  t o  s t a t e  of charge ,  h a s  been theor ized  by use  
of X-ray p a t t e r n s  of w e t ,  uncovered p l a t e s .  

Chemical methods have been developed which w i l l  make 
p o s s i b l e  t h e  de te rmina t ion  o f  the formula weight of a p a r t i c u l a r  
s t a t e  of charge of t h e  p o s i t i v e  e l e c t r o d e .  

P o s s i b l e  super ior  ma te r i a l s ,  wi th  r e spec t  t o  capac i ty  
and charge r e t e n t i o n ,  by formation a t  lG°C-35 ma and 80°C-100 m a ,  
have  been produced. 
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INVESTIGATION OF 

BATTERY ACTIVE NICKEL OXIDES 

by 

P. Ritterman and H. N. Se ige r  

ABSTRACT 

X-ray p a t t e r n s  a r e  presented i n d i c a t i n g  t h e  i n t e r f e r e n c e  
of po lye thylene  covering. The removal of  such a cover y i e l d s  
p a t t e r n s  which are more meaningful, wi th  r e s p e c t  t o  t h e i r  r e l a t i o n  
t o  s ta te  of charge.  

Chemical methods have been developed which w i l l  make 
p o s s i b l e  t h e  de te rmina t ion  of the formula weight of a p a r t i c u l a r  
s ta te  of charge of  t h e  p o s i t i v e  e l ec t rode .  

Super ior  materials, with r e s p e c t  t o  capac i ty  and charge 
r e t e n t i o n ,  by formation a t  10°C-35 ma and 8O0C-1O0 ma,  have been 
produced. 
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I. INTRODUCTION 

A. PURPOSE 

The investigation performed under this contract will in- 
clude the following: (1) continuation of identification and 
characterization of nickel electrode materials; ( 2 )  intensive 
studies of stabilization of positive electrode material at ele- 
vated temperatures; and (3) studies of the utilization, efficiency, 
voltage and cycling characteristics of those positives stabilized 
by the most effective method. 

B. MEETINGS 

On July 2 8 ,  1965, a meeting was held with Mr. W. Nagle of 
NASA/Lewis. D r .  H. N. Seiger, P. Ritterman, and R. Michaels rep- 
resented Gulton Industries. The meeting took place at Gulton 
Industries, Metuchen, N. J. The final report of Contract NAS 3-4178 
was discussed, as well as the work plan for the current contract. 

It was decided that in addition to the work plan, the 
following special tests should be conducted. 

1. 

2 .  

3.  

The rate of heating of the metal block under the 
conditions of the D.T.A. experiments would be 
determined. 

A sheet of nickel would be anodized in KOH and then 
its X-ray diffraction pattern determined. 

Thermogravimetric analysis as a means to determine 
the composition of the sintered plate electrode will 
be investigated. 
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11. OUTLINE OF PROGRAM 

The program is divided i n t o  two major p a r t s .  
involves  t h e  continued inves t iga t ion  of  t he  n a t u r e  and amount of 
materials found i n  t h e  s i n t e r e d  n i c k e l  oxide e l e c t r o d e .  These 
s t u d i e s  w i l l  be made a t  var ious  s t a g e s  of charge,  c u r r e n t  d e n s i t i e s ,  
and temperatures .  
charged n i c k e l  oxide e l ec t rodes ,  both i n  t h e  presence  and i s o l a t e d  
from t h e i r  counter  e l e c t r o d e  mater ia l ,  t he  Cd/Cd(OH)Z, w i l l  be made. 

n i c k e l  oxides  and hydroxides .  The methods w i l l  inc lude  (1) doping 
( t h e  inc lus ion  of  f o r e i g n  materials wi th in  t h e  s t r u c t u r e  of n i c k e l  
oxide c r y s t a l s ) ;  (2) formation a t  va r ious  c u r r e n t s  and temperatures;  
and (3) any o t h e r  means of n icke l  oxide e l e c t r o d e  s t a b i l i z a t i o n  
deemed f e a s i b l e  w i l l  be presented f o r  t h e  approval  of  t h e  NASAp. 
p r o j e c t  manager. 

The f i r s t  

A s tudy  o f  t h e  e f f e c t  of open c i r c u i t  s tand  of 

The second p a r t  w i l l  concern i t s e l f  wi th  methods of  s t a b i l i z i n g  

A. IDENTIFICATION AND CHARACTERIZATION OF BATTERY ACTIVE MATERIAL 
EXISTING I N  THE NICKEL OXIDE ELECTRODE. 

1. Cons t ruc t ion  of Test Cells 

a.  P l a t e s  

Gulton p o s i t i v e  p l a t e s  w i l l  be used,  a l l  of which were 
impregnated a t  t h e  same t i m e  wi th  N i ( N 0 3 ) ~  and then  converted 
chemically t o  N i ( O H ) 2 .  

b. Stacks 

S ing le  p o s i t i v e  p l a t e s  w i l l  be surrounded by excess  neg- 
a t ive  capac i ty  i n  t h e  form of 2 sintered cadmium e l e c t r o d e s  
wi th  two l a y e r s  of non-woven nylon se rv ing  as sepa ra to r  and 
34% KOH as e l e c t r o l y t e .  

2 .  Formation Treatment 

T h i r t y  co res  w i l l  be  cons t ruc ted  and cycled us ing  t h e  fol low- 
ing  regime: 

a. 
b. 
c. Shorted f o r  2 hours. 

Charged a t  C / 1 0  for 16 hours .  
Discharged t o  0 vo l t s  a t  C/3. 

I. 

This  w i l l  be repeated 3 times. Twenty c e l l s  most a l i k e  
i n  capac i ty  w i l l  be  chosen for f u r t h e r  t e s t i n g .  
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3 .  E f f e c t  of S t a t e  of Charge and Rate of Charge. 

a.  Af t e r  t h e  t h i r d  formation cyc le  is  completed, 12 cel ls  
w i l l  be discharged a t  C / 2  f o r  4 hours .  

b. Two c e l l s  w i l l  be discharged a t  C / 2  f o r  1 hour .  

c. Two c e l l s  w i l l  be discharged a t  C/2 t o  1.0 V. 

d. Two c e l l s  w i l l  be  discharged a t  C / 2  f o r  3; hour .  

e. Two c e l l s  w i l l  r e t a i n  t h e i r  f u l l y  charged s t a t e .  

f .  Two c e l l s  w i l l  be  charged t o  t h e  gass ing  p o i n t .  

Af t e r  a 24 hour stand on open c i r c u i t ,  t h e  c e l l s  w i l l  be 
taken a p a r t  and t h e  p o s i t i v e  p l a t e  analyzed by va r ious  means which 
w i l l  be descr ibed  i n  a l a t e r  p o r t i o n  of t h i s  s e c t i o n .  The same 
w i l l  be done a t  t h e  C/10 r a t e .  

4. Stand t i m e  a t  Various Temperatures 

Af t e r  prepar ing  24 cells as i n  (2.) above, they  w i l l  r ece ive  
t h e  fol lowing t reatment .  

a .  
temperature  . 
b. 

c.  

d .  

24 c e l l s  w i l l  be charged a t  C/iO f o r  20 hours  a t  rocn 

8 c e l l s  w i l l  be placed i n  an  oven a t  50'C. 

8 c e l l s  w i l l  be placed i n  a cold box a t  10OC. 

8 c e l l s  w i l l  remain a t  25OC i n  o i l  ba th .  

Four c e l l s  w i l l  be disassembled immediately upon s to rage  a t  
each temperature  and t h e  p o s i t i v e  p laced  i n  a beaker of 34% KOH. 
A f t e r  24 hour s ,  two p o s i t i v e s  w i l l  be analyzed which were i n  a 
beaker and two p o s i t i v e s  which were p a r t  of a c e l l .  The o the r  
p o s i t i v e s  and c e l l s  w i l l  s tand a t  t h e i r  r e s p e c t i v e  temperatures  
f o r  3 months and then be analyzed. 

5. Methods of Analysis  

The p l a t e s  w i l l  be analyzed by chemical means, X-ray d i f f r a c -  
t i o n ,  and d i f f e r e n t i a l  thermal a n a l y s i s .  

a.  Chemical Means 

Emphasis w i l l  be placed on chemical a n a l y s i s  f o r  quant i -  
t a t i ve  de termina t ion  of N i ,  H ,  and 0 i n  t h e  a c t i v e  p a r t  of 
t h e  p l a t e .  
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(1) Nickel  

I n  a s i n t e r e d  plate ,  t h e  i n t e r f e r e n c e  of pure  n i c k e l  
must be e l imina ted .  
e l e c t r o p l a t i n g  o r  p r e c i p i t a t i o n  i n  a l k a l i n e  s o l u t i o n  as 
n i c k e l  dimethylgloxime. 

T o t a l  n i c k e l  can be determined by 

Methods f o r  separa t ing  N i o  from t h e  d i v a l e n t ,  t r i v a l e n t ,  
o r  t e t r a v a l e n t  n i cke l  oxides  w i l l  be explored.  
t i o n  of t h e  amount of  N i o  p r e sen t  i n  a n  impregnated s i n t e r e d  
plaque w i l l  a l s o  be explored. 

Determina- 

(2) Hydrogen 

A washed and dr ied sample w i l l  be  mixed wi th  K2Cr04 
and PbCrOq and heated t o  600'. 
produced w i l l  be captured i n  a weighed dry ing  tube.  

The water vapor then  

(3) Ni'2/Nii3 

Methods w i l l  be sought t o  determine t h e  amount o f  
Ni'2/Ki-t3 p r e s e n t  in  a p a r t i c u l a r  sample. 

(4)  Oxygen 

Oxygen can bes t  be determined by d i f f e r e n c e ,  with 
r e s p e c t  t o  t h e  t o t a l  n i c k e l  and hydrogen determined. 

b .  X-ray Diffraction 

A s  was s t a t e d  i n  the F i n a l  Report ,  t h e  p o s s i b i l i t y  of 
X-raying a w e t  p o s i i i v e  wi thout  polyethylene covering w i l l  
be f u r t h e r  examined. The p l a t e  w i l l  be kept  i n  polyethylene 
u n t i l  j u s t  before  mounting i t  i n t o  the  goniometer. The p l a t e  
w i l l  be wet wi th  I<GH and, i n  essence ,  be i d e n t i c a l  wi th  t h e  
p l a t e  w i th in  t h e  c e l l .  
less than  40 minutes and i t  i s  un l ike ly  t h a t  a drying of t h e  
v iscous  KOH would occur during t h a t  t i m e .  

The dura t ion  of  one X-ray sweep i s  

c .  D i f f e r e n t i a l  Thermal Analysis  

The p l a t e  sample w i l l  be  ground i n t o  a powder and p laced  
i n  a s t a i n l e s s  s t e e l  block conta in ing  3 thermocouples. An- 
o t h e r  h o l e  i n  t h e  block con ta ins  powdered alumina. 
couples  are so  arranged t h a t  t h e r e  i s  a response t o  any r e a c t i o n  
o r  t r a n s i t i o n a l  change of t h e  sample. 
ing  s tandards  bes ides  Ni(OH)2 remains t h e  d i f f i c u l t y .  

The thermo- 

The ques t ion  of ob ta in -  

(2) See References,  Page 22 
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B. STABILIZATION OF NICKELIC OXIDES AND HYDROXIDES 

1. Formation a t  Various Temperatures and Rates 

Cells w i l l  be cons t ruc ted  us ing  one unformed s i n t e r e d  p o s i t i v e  
surrounded by two nega t ive  p l a t e s .  A s  descr ibed  i n  prev ious  
s e c t i o n s ,  formation w i l l  be  performed a t  t h e  C/2, C/10, and C/30 
rates and a t  temperatures  of loo ,  25O, and SOo f o r  each ra te .  
Three c e l l s  w i l l  be formed a t  each r a t e  and each temperature  f o r  
3 cyc le s .  

2 .  Addi t ives  

Impregnating n i c k e l  so lu t ions  w i l l  be prepared conta in ing  5%, 
lo%, and 20% metal atoms o f  Co., B a y  and Mn. These elements are 
near  n i c k e l  i n  the  p e r i o d i c  t ab le .  A l k a l i  and a l k a l i n e  e a r t h s  
w i l l  inc lude  L i ,  Mg, N a y  Be, and C a .  These w i l l  be incorpora ted  
by use  as t h e  s a l t  of the  n i t r a t e  ion .  A c o n t r o l  s o l u t i o n  of  
pu re  n i c k e l  n i t r a t e  w i l l  also be used. 

For each q u a n t i t y  and a d d i t i v e  type, 10  p l a t e s  w i l l  be impreg- 
na ted .  These w i l l  be formed by s tandard  methods o r  by t h e  pro-  
cedure found t o  y i e l d  optimum r e s u l t s .  

C. 

3 .  Other Techniques of S t a b i l i z a t i o n  

Other means bes ides  t h e  vacuum impregnation used by Gulton 
I n d u s t r i e s  w i l l  be explored.  
impregnation and anodic  as  well  as ca thodic  impregnation of s i n t e r e d  
p laques  from d i l u t e  so lu t ions  of n i c k e l  sa l ts .  

These w i l l  inc lude  molten s a l t  

The impregnation method with which we are f a m i l i a r ,  by previous 
exper ience ,  involves  the  impregnation of a s i n t e r e d  n i c k e l  plaque 
made cachodic i n  a s o l u t i o n  o f  d i l u t e  n i c k e l  n i t r a t e .  It h a s  been 
found t h a t  nickel-cacimium c e l l s  made from p l a t e s  of t h i s  type  have 
performed very w e l l  a t  e levated temperatures .  

PRELPKCKARY EVALUATION 

Elec t rodes  s t a b i l i z e d  by t h e  methods descr ibed  above w i l l  be  
eva lua ted  i n  t h e  fol lowing manner. 

1. Storage  and Evalua t ion  

Tnree c e l l s  of each group w i l l  be  cons t ruc ted  and charged a t  
t h e  C r a t e  f o r  2 hour s ,  and then  immediately discharged a t  C/5. 
Tnis w i i l  determine i n i t i a l  capac i ty  a t  room temperature .  
charge w i l l  be  repea ted ,  and a f t e r  a s tand  t i m e  of one day, t h e  
c e l l  w i l l  aga in  be discharged a t  C / 5 .  
a s  w e l l .  T A e  s tand  on open c i r c u i t  w i l l  be extended t o  3 days.  
Tile same kind of t e s t  w i l l  be conducted a t  65OC. 
capac i ty  on immediate discharge a t  room temperature  - .  w i l l  be  made 
- C _ L C L s  sz:?. szzr.C. z z s : .  

The 

This w i l l  be  done a t  5OoC 

A check of 

- -  l-r 
_ - - - c  u u s ,  the e f f e c z  :f c g c l r t g  02 zke sta511- 

. -  , -  _ - - -  - - - - -_ -  
Ab<- ...aLCIAc& ZZ-Z, 215; 5 2  e v a l u a ~ ~ t .  
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D. EVALUATION OF lMPROVED MATERIAL 

A f t e r  e s t a b l i s h i n g  a super ior  material o r  a group of supe r io r  
materials, w i th  r e spec t  t o  s t a b i l i z a t i o n ,  t h e  fol lowing tes ts  w i l l  
be made. 

1. Decomposition of Charged P o s i t i v e  

Using 15 cel ls  cons i s t ing  of t h e  supe r io r  material ,  w i th  
r e s p e c t  t o  s t a b i l i z a t i o n ,  the fol lowing tests w i l l  be performed. 

Cells w i l l  be allowed t o  s tand  a t  temperatures  of ZOO, 40°, 60°, 
80°, and 95OC and a f t e r  a passage of 1 day, removed, discharged a t  
t h e  C/10 rate t o  a 1.0 V end p o i n t  a t  room temperature.  The cap- 
a c i t y  of a l l  c e l l s  w i l l  be  determined immediately a f t e r  charge a t  
t h e  C ra te .  This  w i l l  be repeated by charging t h e  same c e l l s  a t  
t h e  C r a t e  and extending t h e  s t and  t i m e  t o  3 days.  The test  w i l l  
be repea ted  al lowing j u s t  the charged p o s i t i v e  p l a t e s  t o  be immersed 
i n  e l e c t r o l y t e  a t  t h e  var ious temperatures  , t he  capac i ty  of which, 
aga in ,  w i l l  have been previously determined. These p l a t e s  w i l l  t hen  
be surrounded by negat ives  and discharged t o  1 .0  V a t  t h e  C/10 ra te .  
This, t oo ,  w i l l  be repea ted  extending t h e  charged s tand  t i m e  i f  
s i g n i f i c a n t  d i f f e r e n c e s  a r e  noted between t h e  1 and 3 day s tand .  

2 .  I n v e s t i g a t i o n  of Sintered P l a t e  paramaters  

Af t e r  e s t a b l i s h i n g  a loading f a c t o r  which meets t he  approval  
of t h e  NASA p r o j e c t  manager, t h e  fol lowing i n v e s t i g a t i o n  w i l l  
be made. 

a.  Establ ishment  o f  Optimum Formation Technique. 

The opttnium formation s h a l l  be considered t o  be t h e  one 
which produces a p l a t e  which, when incorpora ted  i n t o  c e l l s ,  
y i e l d s  t h e  h i g h e s t  vo l tage  l e v e l  on d i scha rge ,  t h e  g r e a t e s t  
capac i ty  pe r  u n i t  weight and volume, optimum charge e f f i c i e n c y ,  
and most cons i s t en t  r e p r o d u c i b i l i t y  of t he  aforementioned 
r e s u l t s .  

A s t a t i s t i c a l  experiment involving r a t e ,  amount of  over- 
charge,  and number of cycles w i l l  be used t o  e s t a b l i s h  optimum 
condi t ions .  Before such a n  experiment i s  begun, p a s t  exper- 
i ence  t e l l s  us  t h a t  an  i n i t i a l  l o w  r a t e  charge and d i scha rge  
cyc le  a t  t h e  C/10 r a t e  or  less should be used. 

b. EstaSiLshment of Charge Acceptance as a Function of 
Charge Rate ,  and Determination of Po in t  of Oxygen Evolu- 
t i o n  a t  Various Rates. 

The c h a r a c t e r i s t i c s  of  p o s i t i v e  p l a t e s  can be e s t a b l i s h e d  
wi th  one experiment. 
s e a l e d  chamber of known volume toge the r  wi th  a n  oxygen 
consuming e l ec t rode .  

A p o s i t i v e  p l a t e  i s  contained i n  a 

Both t h e  oxygen e l e c t r o d e  and t h e  
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p o s i t i v e  p l a t e  have ex te rna l  connect ions al lowing f o r  charge. 
The sea l ed  chamber i s  f i l l e d  wi th  pure  oxygen and a p r e s s u r e  
gauge records  oxygen pressure .  
t he  p o s i t i v e  p l a t e  and cause oxygen r educ t ion  a t  t h e  a p p r o p r i a t e  
e l e c t r o d e ,  t h e  r a t e  of oxygen p r e s s u r e  decay should be  i n  
d i r e c t  p ropor t ion  t o  t h e  charging c u r r e n t  provided t h a t  no 
oxygen i s  produced a t  the p o s i t i v e .  The dev ia t ion  from t h e  
t h e o r e t i c a l  s lope  w i l l  not only e s t a b l i s h  t h e  charge accept -  
ance,  bu t  w i l l  a l s o  i n d i c a t e  t h e  p o i n t  a t  which oxygen evolu- 
t i o n  begins .  This  can be e s t a b l i s h e d  f o r  t h e  one, two, f i v e ,  
and t e n  hour rates. 

A s  c u r r e n t  is  passed t o  charge 

c .  Determination of U t i l i z a t i o n  F a c t o r s  a t  Various Rates 
of Discharge. 

The t h r e e  p l a t e  c e l l s ,  c o n s i s t i n g  of  1 p o s i t i v e  and 2 
nega t ive  e l e c t r o d e s ,  w i l l  a g a i n  be employed he re .  All charges 
w i l l  be  done a t  t h e  1 hour ra te .  Discharges w i l l  be performed 
a t  t h e  10 minute,  1 hour,  two hour ,  5 hour ,  and 10 hour rates. 
Capac i t i e s  w i l l  be determined t o  1.0 V and a l s o  t h e  p o i n t  j u s t  
be fo re  t h e  g r a p h i t i c  leve l .  

d. Determination of U t i l i z a t i o n  Fac to r s  f o r  Depth of  
Discharge a t  25%, 35%, 50%, 75%, and 100%. 

A group of t h r e e  p l a t e  c e l l s  w i l l  be charged a t  t h e  C rate.  
Af t e r  t h e  i n i t i a l  charge, t h e  c e l l  w i l l  be discharged f o r  
15 minutes a t  t h e  C r a t e .  It w i l l  then  be charged f o r  15 
minutes  a t  t h e  C r a t e  and f i n a l l y  discharged t o  1.0 V a t  t he  
C ra te .  Tnis  w i l l  be  repeated f o r  a 2 1  minute d ischarge ,  
a 30 minute d i scha rge ,  and s i m i l a r l y  t o  ob ta in  t h e  o the r  
s ta ted depths  of discharge.  A comparison w i l l  be  made of 
t h e  c a p a c i t i e s  obtained when d ischarg ing  t o  1.0 V ve r sus  
t h e  va r ious  depths  of  discharge.  
o t h e r  charge r a t e s  a s  wel l .  

This  w i l l  be done f o r  
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1x1. EXPERIMENTAL PROCEDURES & RESULTS 

A. DETERMINATION OF BATTERY ACTIVE MATERIALS EXISTING I N  THE 
SINTERED PLATE NICKEL OXIDE ELECTRODE 

1. Chemical Means 

Various methods were attempted t o  determine q u a n t i t a t i v e l y  
t h e  amounts of a c t i v e  n i c k e l ,  oxygen, and hydrogen p resen t  on 
t h e  s i n t e r e d  p l a t e .  

a. Nicke l ,  N i + 2 ,  Ni+3 

An a t tempt  was made to  ana lyze  a p o s i t i v e  p l a t e  f o r  t h e  
t h r e e  va lence  states of  n i cke l ,  namely; N i o ,  Ni+*,  and N i + 3  
by al lowing t h e  p l a t e  t o  r e a c t  wi th  n i t r i c  a c i d .  
w a s  expected t o  r e a c t  s o  as t o  y i e l d  hydrogen gas which could 
then be c o l l e c t e d .  From t h e  amount of gas ,  t he  quan t i ty  of  
N i o  would be determined. T o t a l  n i c k e l  could then be d e t e r -  
mined by dimethylgloxime p r e c i p i t a t i o n  o r  e l e c t r o p l a t i n g .  
When a p l a t e  was dissolved i n  n i t r i c  a c i d ,  i t  y i e lded  a 
mixture  of  gases .  It was found, however, when t r y i n g  t o  
d i s s o l v e  N i  powder by i t s e l f  i n  n i t r i c  a c i d  t h a t  t h i s  d id  not  
occur due t o  pas s iva t ion  both i n  d i l u t e  and concentrated so lu -  
t i o n .  When a p i e c e  of  platinum w a s  added t o  t h e  p l a t e ,  d i s -  
s o l u t i o n  occurred,  b u t  the gas l i b e r a t e d  contained oxides  of 
n i t r o g e n  r a t h e r  than H2. 
of t h e  n i t r i c  a c i d .  

The N i o  

This  was due t o  t h e  decomposition 

Both Ni2O3 and N i O  did n o t  r e a c t  wi th  n i t r i c  a c i d .  
w a s  r epor t ed  t o  be so luble  i n  HC1 wi th  the  evolu t ion  of c h l o r i n e  
gas .  This  was n o t  found t o  be t h e  case  f o r  1:l HC1 a t  room 
temperature  and elevated temperatures .  

N i 2 0 3  

A f r e s h l y  charged p o s i t i v e  was cu t  i n t o  several p a r t s .  One 
p a r t ,  whi le  s t i l l  charged, was r eac t ed  wi th  As2O3. 
p a r t  w a s  discharged and then  r eac t ed  wi th  As2O3. 
ing  f o r  s i z e ,  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  consump- 
t i o n  of As203. 

Another 
Af t e r  a l low- 

A t h i r d  p a r t  of t h i s  charged p l a t e  was X-rayed. The 
p a t t e r n  obta ined  i s  shown i n  F igu re  1. This  p a t t e r n ,  p a r t i c u -  
l a r l y  wi th  the  peak a t  6.79a, i s  i n d i c a t i v e  of a f u l l y  charged 
p l a t e  and conta in ing  some u n s t a b l e  oxide y e t .  
concluded t h a t  the  As203 technique as employed f o r  h ighe r  oxide  
d e t e c t i o n  i s  unsui tab le  under t h e  p a r t i c u l a r  experimental  con- 
d i t i o n s  involving a s in t e red  p l a t e .  

Thus, it i s  

b. Analysis  of Hydrogen 

The amount of hydrogen i n  a sample of pure  Ni(OH)2 was 
determined by means of ox ida t ion  of t h e  hydrogen by K2Cr04 
and PbCr04. The d e t a i l s  of t h e  a n a l y s i s  are given below. 
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,4 combustion tube was  s e t  up i n  t h e  fol lowing manner. 
A t  t h e  e x i t  end was one inch of copper gauze,  then 12 inches  
of l ead  chromate, followed by 4 inches of copper gauze. The 
sample c r u c i b l e  w a s  placed i n  n e x t ,  followed by another  fou r  
inches  of copper gauze. The s e c t i o n  of  t h e  combustion tube  
was hea ted  f i r s t  t o  3OO0C whi l e  dry a i r  passed through t h e  
system. When a l l  moisture had been removed, t h e  s e c t i o n  under 
t h e  sample c r u c i b l e  was heated t o  70OoC. The e x i t i n g  steam 
was caught i n  a drying tube conta in ing  Drierite. The flow of  
a i r  w a s  ad jus t ed  t o  2 ml/sec.  ' The amount of hydrogen i n  a n  
impregnated p l a t e  was a l so  determined. A source of e r r o r ,  
such as condensation of  water vapor nea r  t h e  e x i t  of t h e  dry-  
i n g  tube,  was overcome by use  of a h o t  a i r  blower. 
of t h e  hydrogen a n a l y s i s  f o r  pu re  N i ( O H ) 2  powder y i e l d e d  
.0438 gram H f o r  a 2.0175 gram sample. 
hydrogen a n a l y s i s  f o r  the impregnated p l a t e  was .0666 gram 
H f o r  a p l a t e  t h a t  showed a ga in  of  2.8313 grams of  a c t i v e  
material dur ing  impregnation. 

The r e s u l t s  

The r e s u l t  of t h e  

c. Determlnation of  Conversion of N i o  t o  Act ive Nickel  as  
a Iiesul'i of  hp-regnat ion 

One of t h e  d i f f i c u l t i e s  which occurs  when t r y i n g  t o  deduce 
a forn1ula weight from a s i n t e r e d  p l a t e  i s  the  weight of i n e r t  
n i c k e l  t h a t  h a s  been converted t o  a c t i v e  n i cke l .  An impreg- 
na ted  p l a l e  whose weight had been p rev ious ly  determined w a s  
r eac t ed  wi th  a mixture  of NH40H and (NH4)2S208 (ammonium 
p e r s u l f a t e ) .  Af t e r  two hours  i n  s o l u t i o n ,  t h e  p l a t e  w a s  re- 
moved , washed wi th  deionized water , then  d r i e d  and weighed. 
The p l a t e  o r i g i n a l l y  weighed 5.6203 grams. Af t e r  impregnation 
and t h i s  t rea tment ,  the  r e s i d u e  w a s  5.4269 grams. Thus, 
approximately 190 mg of the n i c k e l  s i n t e r  w a s  a c t i v a t e d  by 
process ing .  This corresponds t o  about  3 .4%.  The a c t i v e  
material gained by t h e  p l a t e  w a s  2.963 grams. 

d. Determination of A c t i v e  Nickel  i n  a S in t e red  P l a t e  

The s o l u t i o n  obtained from (c.)  above w a s  e l e c t r o p l a t e d  
on t o  a preweighed platinum g r i d .  The e l e c t r o p l a t i n g  involved 
t ak ing  a n  a l i q u o t  of  the s o l u t i o n ,  100 m l  ou t  of 1500 m l ,  
adding excess  ammonia and then  pass ing  a cu r ren t  a t  3.0 V 
between the  plat inum anode w i r e  and t h e  cathode g r i d .  
p l a t i n g  w a s  considered complete by t h e  c l e a n l i n e s s  of  t h e  so lu -  
t i o n .  
gloxime and y i e lded  no r e d  p r e c i p i t a t e .  
t h e  plat inum g r i d  was .1289 gram of n i c k e l .  

The 

The c l ean  so lu t ion  was t e s t e d  f o r  n i c k e l  by dimethyl- 
The weight ga in  of 
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P l a t e  
No. 

1 
2 
3 
4 
5 
G 
7 
8 
9 
10 

e. Impregnation of Sintered Nickel  P l a t e s  

S in te red  n i c k e l  p l a t e s  were impregnated wi th  a c t i v e  material 
i n  t h e  fol lowing manner. 

(1) The p l a t e s  were weighed blank. 

(2) 
a beaker. The chamber w a s  then evacuated, and a s o l u t i o n  
of  Ni(N03)2 was admitted i n t o  t h e  beaker. 

They were then placed i n  a vacuum chamber whi le  i n  

(3) Afte r  5 minutes , t h e  vacuum was broken, t h e  p l a t e s  
were removed, and the excess  s o l u t i o n  was allowed t o  d ra in  
o f f .  

( 4 )  The p l a t e s  were then d r i e d  i n  a c i r c u l a t i n g  a i r  oven. 

(5) 
f o r  10 minutes. 

Tney were placed i n t o  a beaker of 25% KOH a t  7OoC 

( 6 )  The p l a t e s  were removed from t h e  beaker. They were 
washed wi th  a stream ofdeionized water  u n t i l  n e u t r a l  t o  
l i tmus  paper.  

(7) 
and then weighed to  determine t h e  weight gain.  

Tne p l a t e s  were aga in  d r i e d  i n  a c i r c u l a t i n g  a i r  Oven 

(8) 
about 3 grams of a c t i v e  m a t e r i a l .  The weight ga ins  of  ti:L 
p l a t e s  a r e  l i s t e d  below. 

This procedure was repea ted  u n t i l  p l a t e s  had g a i n e i  

F i n a l  Weight I n i t i a l  Weight Weight C-ai;-i 

8.6208 
8.6407 
8.5800 
8.5947 
8.5986 
8.6126 
8 .6708 
8.7568 
8.6327 
8.7351 

5.6962 
5.6381 
5.6203 
5.6678 
5.6636 
5.6322 
5.6416 
5.7417 
5.6477 
5.6917 

2.9246 
3.0025 
2.9597 
2.926s 
2.9350 
2.9804 
3.0292 
3.0151 
2.9850 
3.0434 

These p l a t e s  w i l l  be used for  mass balance expe r i -  
ments involving the  de te rmina t ion  of hydrogen and n i c k e l  
a t  var ious  s t a t e s  of charge of ehe p l a t e .  From t h i s ,  i t  
w i l l  be poss ib l e  t o  determine the  formula weight a t  
va r ious  s t a t e s  of charge. 

-12- 



f. Evalua t ion  of Resu l t s  o f  Chemical Analys is  

The d i f f i c u l t i e s  of ob ta in ing  p o s i t i v e  r e s u l t s  wi th  r e s p e c t  
t o  s e p a r a t i o n  and determinat ion of Ni- were d iscussed  wi th  
several chemists a t  Inco Research Labora to r i e s ,  and they were 
of t h e  opinion t h a t  Ni- i s  u n s t a b l e  i n  aqueous so lu t ion .  
Thus, any s o l u t i o n  method f o r  t h e  h i g h e r  valence s ta te  of 
n i c k e l  would n o t  be f eas ib l e .  

By sepa ra t ing  oxidized n i c k e l  from elemental  n i c k e l  and 
determining hydrogen, a formula can be w r i t t e n .  Such a formula 
w i l l ,  n a t u r a l l y ,  be t h e  equivalent  of a l l  t h e  oxides  of n i c k e l  
oxide p re sen t .  
such a formula w i l l  be most u s e f u l .  

Without a d i r e c t  measure of t he  r a t i o  (Ni+2)/(Nit.3) , 

(1) Hydrogen Assay 

The a n a l y t i c a l  procedure f o r  de te rmina t ion  of hydrogen 
was t e s t e d  by analyzing some Ni(OH)2 f r e s h l y  prepared from 
N i ( N 0 3 )  *6H20 i n  t h i s  labora tory .  The a n a l y t i c a l  r e s u l t  
w a s  2.1 5 % hydrogen in  the  sample, which compares favorably 
wi th  t h e  t h e o r e t i c a l  va lue  of 2.14%. 

Formula Weight 

(a) %Hydrogen i n  Impregnated P la te  

Using t h e  conversion f a c t o r  i n  1.c.  , t h e  a c t i v e  
material  on the p l a t e  used t o  determine hydrogen has  
increased  by .190 gram. Since t h e  weight of t h e  a c t i v e  
mater ia l  without t h e  c o r r e c t i o n  f a c t o r  w a s  2.8313 grams, 
and the  weight of hydrogen c o l l e c t e d  equal  t o  .0666 grams, 

= 2.3% -0666 
2.8313 + .190 % H  = 

(b) % Nisn i n  Impregnated P l a t e s  

The amount of a c t i v e  n i c k e l  i s  given by (from 1.d.) 
(15 x .1289) = 1.934 grams. The t o t a l  a c t i v e  material  
equa 1 s 

Thus 
2.9631 + .190 = 3.1531 grams 

1 934 % nicke l  i s  equal  t o  - 3.1531 = 61% 

(c) % Oxygen 

Oxygen i s  determined by d i f f e r e n c e ,  thus  
100%-(61% 3- 2.3%) = 36.7% 

By d iv id ing  these  p e r  cents  by t h e  atomic weight of t h e  material ,  
w e  o b t a i n  

6 1% 36.7% = 2.3 - = 1.04 2.3% = 2.3 
H N i  0 

H - 1  N i  = 58.7 0 = 16 

On t h i s  b a s i s ,  the  a c t i v e  material  impregnated onto  the s i n t e r e d  
n i c k e l  p l a t e  h a s  the formula weight  of Ni(OH):! .2 
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2 .  X-ray Diffraction P i t t e r n s  

To e l i m i n a t e  any p o s s i b l e  i n t e r a c t i o n s  due t o  polye thylene ,  a 
group of p l a t e s  i n  t h e  discharged, charged, and f r e s h l y  charged s t a t e  
were X-rayed uncovered and wet w i t h  KOH. niis was done e a r l y  i n  t h e  
qua r t e r .  The p a t t e r n s  obtained seemed a l i k e  and apparent ly  inde- 
pendent of s ta te -of -charge .  The s t r u c t u r e  appeared t o  be t h a t  of  
N i ( O H ) 2 .  To check on t h e s e  r e s u l t s ,  an  even more c a r e f u l l y  run  
experiment was c a r r i e d  out .  This involved determining t h e  X-ray 
p a t t e r n s  of p o s i t i v e  p l a t e s  which were f i r s t  covered with poly-  
e thy lene  and then  wi th  t h e  polyethylene removed. 
experiment i s  descr ibed  i n  d e t a i l  below. 

This  l a t t e r  

a. E f f e c t  of Polyethylene Covering a t  Various S t a t e s  of Charge 

Severa l  unformed impregnated p l a t e s  were given t h r e e  forma- 
t i o n  cyc le s  a g a i n s t  excess n e g a t i v e  capac i ty .  The formation 
cons i s t ed  of a charge a t  1.0 ampere f o r  2 hours ,  a d i scharge  
a t  500 ma t o  0 v o l t s ,  followed by a s h o r t - c i r c u i t  f o r  1 hour .  
The capac i ty  of t h e  p l a t e s  d i d  no t  change from cyc le  t o  cyc le  
and were a l l  equal  t o  1.1 ampere hours .  

Af t e r  formation,  two of ‘ihese p o s i t i v e  p l a t e s  were l e f t  
i n  t h e  discharged s t a t e ;  two were charged a t  1.0 ampere f o r  
2 hour s ,  and then discharged a t  500 ma f o r  1 hour.  Two c e l l s  
were charged a t  1.0 ampere f o r  2 hours .  A l l  p l a t e s  were 
X-rayed f i r s t  covered with polye thylene ,  then wi th  polye thylene  
removed. “lie scan w a s  made Setween 2&= 10’ t o  80’. The 
X-ray p a t t e r n s  a r e  shown i n  F igu res  2 through 13. F igures  
2 ,  4,  6 ,  8 ,  10 ,  and 1 2  represent  t h e  p a t t e r n s  obtained from 
t h e  va r ious  p l a t e s  when they were covered wi th  polyethylene.  
F igures  3 ,  5,  7 ,  9 ,  11, and 13 rep resen t  p a t t e r n s  obta ined  
from t h e  same p l a t e s ,  r e spec t ive ly ,  wi thout  polyethylene cover- 
ing .  Tne states of charge of  t h e  p l a t e s  were: f u l l y  charged 
Figures  2 ,  3 ,  4,  5 ;  ha l f  charged Figures  6 ,  7 ,  8 ,  9 and; d i s -  
charged Figures  10,  11, 1 2 ,  13. Another p l a t e  of t h i s  group 
w a s  charged a t  1 ampere f o r  1 hour.  This avoids  overcharge.  
The p o s i t i v e  of t he  c e l l  w a s  X-rayed covered and uncovered 
wi th  polye thylene .  The p a t t e r n s  obta ined  are shown i n  F ig .  14 
and 15 r e spec t ive ly .  The p a t t e r n s  obta ined  a t  t he  va r ious  
states of charge have a common d i f f e r e n c e ,  due t o  t h e  poly-  
e thy lene  covering. 
1.53 and 1.47. 
were found due t o  t h e  polyethylene i n  a d d i t i o n  t o  t h e  w e l l  
e s t a b l i s h e d  peaks a t  4.08. 
t i o n  of t h e  peak a t  d = 4.5-4.7 
e thy lene  covering. With r e s p e c t  t o  s t a t e  of charge,  a d i f f e r -  
ence e x i s t s  when t h e  p la te  w a s  uncovered, as shown i n  Table I. 

With t h e  except ion of a s m a l l  peak a t  4.7 8, t h e  f u l l y  
charged, uncovered p l a t e s  appear  amorphous. 
could be con t r ibu ted  t o  by t h e  r e l a t i v e l y  s h o r t  s t and  t i m e  
be fo re  X-ray (2 hours ) ,  
of t h e  peaks assoc ia ted  w i t h  Ni(OH)2. The completely d i s -  
charged p l a t e s  have a l l  t h e  peaks a s s o c i a t e d  with Ni(OH)2. 

There i s  a l s o  a masking e f f e c t  of peaks a t  
I n  a l l  cases ,  peaks a t  3.70 and 2.47 a n g s t r o m  

It w a s  found t h a t  an  i n t e n s i f i c a -  
r e s u l t e d  from t h e  poly-  

This ,  however, 

The h a l f  discharged p l a t e s  have some 
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B. 

The p l a t e  charged t o  t h e  gassing p o i n t  (1 hour) h a s  a l a r g e r  
peak a t  4.7 than  t h e  overcharged p l a t e s .  

b .  P l a t e s  X-rayed Without-Polyethylene Covering. 

Another group of p l a t e s  of t h e  same s i z e  were f i r s t  formed 
by charging a t  100 ma f o r  16  hour s ,  followed by d ischarg ing  a t  
500 ma t o  0.0 v o l t s .  
f o r  16 hours .  
t ive  capac i ty  t o  0.0 v o l t .  The p l a t e  was removed from t h e  c e l l  
and X-rayed w e t  wi th  KOH and uncovered. The p a t t e r n s  obtained 
were t h a t  of N i ( O H ) 2 ,  as shown i n  F igu re  16. 
r e tu rned  t o  i t s  negat ive ,  t hus  remaking the  c e l l  which w a s  then  
charged f o r  2 hours  a t  500 m a .  The p l a t e  was removed from i ts  
c e l l  and aga in  X-rayed i n  i t s  w e t ,  uncovered condi t ion .  The 
p a t t e r n  i s  shown i n  Figure 17. F igure  18 shows the  d i f f r a c t i o n  
p a t t e r n  obtained from a f u l l y  charged p l a t e  a t  100 m a  f o r  
16 hours  which was X-rayed i n  t h e  w e t ,  uncovered condi t ion .  
F igure  19  shows t h e  pa t t e rn  obta ined  from t h e  same p l a t e  a f t e r  
a 5 day s tand .  F igu re  20 shows a d i f f r a c t i o n  p a t t e r n  of a 
p l a t e  which, a f t e r  being charged f o r  16 hours  a t  100 m a ,  w a s  
discharged f o r  1 hour a t  500 m a  ( t h e  p l a t e  i s  h a l f  charged).  
The "d" spacings and t h e i r  i n t e n s i t i e s  a r e  shown i n  Table 11. 

The p l a t e s  were aga in  charged a t  100 m a  
One p l a t e  was discharged a g a i n s t  excess  nega- 

The p l a t e  w a s  

From these  r e s u l t s ,  it would seem t h a t  d i f f e r e n c e s  e x i s t  
between t h e  charged and discharged s ta tes  which a r e  c l e a r l y  
shown by X-ray p a t t e r n s  obta ined  from p l a t e s  w e t  wi th  KOH. The 
v a r i a t i o n  of r e s u l t s ,  with r e s p e c t  t o  t h e  f u l l y  charged p l aces  
i n  Tables  I and 11, i n  comparing t h e  peak a t  4.6-4.7 angstroms, 
may be due t o  v a r i a t i o n  of formation t rea tment  anci/or v a r i a t i o n  
of charge ra te .  It w i l l  b e  no t i ced  t h a t ,  even though t h e r e  was 
a v a r i a t i o n  i n  charge rate from Figure  1 7  t o  F igure  18, t h i s  
d id  no t  af l 'ect  t h e  peak a t  4.6-4.7 angstroms. 

Although peak he ights  are  g iven  as i n d i c a t i o n  of  i n t e n s i t y ,  
it i s  a c t u a l l y  t h e  a rea  under a p a r t i c u l a r  peak reg ion  which 
i s  i d e n t i f i e d  wi th  quan t i ty  of material  ( s ta te  of charge) .  

!The change occurring i n  a p l a t e  f i r s t  X-rayed discharged 
and then charged i s  an i n d i c a t i o n  of t h e  disappearance of 
l i n e s  due t o  a more random s t r u c t u r e  (Fig.  16 vs. F ig .  17) .  

STABILIZATION STUDIES 

I. Formation 

27 p o s i t i v e  p l a t e s  which were formed a t  1 0 ° C ,  25OC, and 8OoC,  
a t  r a t e s  of 500, 100, and 35 ma,  dur ing  t h e  prev ious  q u a r t e r ,  were 
eva lua ted  f o r  t h e i r  charge r e t e n t i o n  p r o p e r t i e s  as w e l l  a s  cyc l ing  
d u r a b i l i t y  as ce l l s .  Capac i t ies  were determined immediately a f t e r  
charge and then  a f t e r  stand a t  room temperature  and 5OoC. 
charges were conducted for 2 hours  a t  1 ampere, d i scha rges  a t  200 ma  
t o  0.0 v o l t .  

A l l  

The nominal p o s i t i v e  capac i ty  w a s  1.0 ampere. 

Three test  p o s i t i v e s ,  as c e l l s ,  comprised a group r ep resen t -  
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ing  formation a t  each temperature and rate.  
of a charge a t  room temperature followed by e i t h e r  open c i r c u i t  
s t and  o r  immediate discharge,  depending on t h e  t es t .  Following 
t h e  t es t ,  discharged c e l l s  were shor ted  f o r  a t  least 16  hours .  

The tests cons is ted  

Due t o  f l u c u a t i o n  i n  l i n e  cu r ren t  dur ing  t h e  f i r s t  3 cycles ,  
t h e s e  d a t a  were n o t  considered p r e c i s e  enough f o r  p re sen ta t ion .  
The cyc le  sequence a f t e r  the f i r s t  t h r e e  cyc le s  was as follows: 

(1) Immediate discharge 
(2) Immediate discharge 
( 3 )  
( 4 )  
(5) 
(6) Immediate discharge 
(7) 

Open c i r c u i t  f o r  24 hours  a f t e r  charge,  then  d ischarge  
Open c i r c u i t  f o r  24 hours  a t  5OoC, then  d ischarge  
Open c i r c u i t  f o r  3 days,  t hen  d i scha rge  

Open c i r c u i t  f o r  3 days a t  5OoC, t hen  d ischarge  

The c a p a c i t i e s  obtained from t h e s e  p l a t e s  are  compared i n  
Table I11 wi th  r e s p e c t  t o  average d i scha rge  c a p a c i t i e s  t o  1.0 V 
and 0.0 V a f t e r  t he  above t e s t s .  

Tne r e s u l t s  i n d i c a t e d  t h a t  t h e  g r e a t e s t  capac i ty  loss  during 
t h e  24 hour s tand  comes from t h e  groups formed a t  room temperature ,  
whi le  ehe groups formed a t  10°C showed t h e  l e a s t  capac i ty  l o s s .  
A t  t h i s  p o i n t ,  t h e  formation r a t e  had no e f f e c t  on t h e  l o s s  of  
capac i ty  as  a r e s u l t  of stand. This w a s  found t o  ho ld  t r u e  f o r  
both room temperature  and 5OoC and f o r  c a p a c i t i e s  t o  1.0 V and 
0.0 V. A s  f o r  capac i ty  i t s e l f ,  '!immediate d ischarge"pos i t ives  
formed a t  10°C and 35 m a ,  and those  formed a t  8OoC and 100 m a  
y i e lded  che b e s t  r e s u l t s .  

The r e s u i t s  of t h e  stand a t  room and 5OoC temperatures  f o r  
a t h r e e  day s t and  a r e  compared i n  Table I V .  

A comparison of capacity on immediate d ischarge  obtained from 
Table 1iI wLth t h a t  obtained from T a b k I V  i n d i c a t e s  an  e f f e c t  due 
t o  cyc l ing .  
a f f e c t e d .  Cells formed at80°C-100 m a ,  i n  gene ra l ,  were not  so 
a f f e c t e d .  The group which ind ica t ed  t h e  b e s t  r e s u l t s ,  however, 
wi th  r e s p e c t  t o  charge r e t e n t i o n  and cyc l ing ,  w a s  t h e  one formed 
a t  35 ma and 10°C. Another formation w i l l  be run c o n s i s t i n g  of 
t h e  s tandard  100 ma-room temperature type and t h e  35 rna-100C and 
t h e  100 ma-80°C. These w i l l  be  eva lua ted  as w i l l  be  ou t l ined  i n  
a l a t e r  s e c t i o n .  

C e l l s  formed a t  room temperature  are  most s e r i o u s l y  

2. Addi t ives  

So lu t ions  of n i c k e l  n i t r a t e  conta in ing  5 ,  10, and 20 metal atom 
These s o l u t i o n s  w i l l  be  used t o  % of  Co and Mg have been prepared. 

impregnate s i n t e r e d  n i cke l  p l a t e s  by t h e  method previous ly  descr ibed .  
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C, SPECLAL TESTS 

1. Determination of Rate o f H e a t i n g  of t h e  Metal Block Used i n  
D.T.A. Experiments 

The ra te  of  h e a t i n g  of t h e  metal block i n  t h e  oven, when the  
h e a t i n g  element w a s  connected t o  t h e  110 V l i n e  ( t h e  condi t ion  
used i n  ob ta in ing  thermograms) w a s  determined. 
a chromel-alumel thermocouple. The average r a t e  of h e a t i n g  was 
found t o  be 42.5'F p e r  minute from room temperature  t o  1800'F. 
F igure  2 1  
versus  t i m e .  

This  w a s  done using 

shows t h e  p l o t  of two runs made of r a t e  o f  h e a t i n g  

2. Anodization o f  Nickel  Sheet 

A p i e c e  of pure  n i c k e l  2" x 1" shee t  w a s  anodized i n  34% KOH 
a t  a cu r ren t  of 3 amperes for 3 hours .  A Slack  l a y e r  formed on 
t h e  f o i l  which , when X-rayed wi thout  po lye thylene  cover , y ie lded  
only n i c k e l  l i n e s  and, thus ,  seeined ~riiozphous. The experiment 
was repea ted  and t h e  same X-ray p a t t e r n  w a s  obtained.  In each 
case ,  upon t h e  completion of X-ray, t h e  b lack  l a y e r  had disappeared.  
The X-rays d id  no t  s t r i k e  a l l  of t h e  sample, so t h a t  a spontaneous 
decompositlon i s  specula ted  upon r a t h e r  than  a r e a c t i o n  induced by 
X i r r a d i a t i o n .  

The method of anodizat ion was chznged. A 2" x 1" n i c k e l  f o i l  
s h e e t  w a s  anodized a t  1 ampere for 24 hours .  A yel lowish  m a t e r i a l  
appeared and remained. The X-ray p a t t e r n  obta ined  ' s  shown i n  
F igure  22. "he p a t t e r n  seems t o  be t h a t  of >rNiOOlitl) al though 
a s t rong  l i n e  2.70 8 of Ni(OH)2 i s  a l s o  p r e s e n t .  

X-rays were taken within 2-3 hours  of completion of charge.  

3 .  . ";.,cr;;:og;-avinctric Analysis  

Contacts were made wi th  F i she r  S c i e n t i f i c ,  Perk in  Elmer and 
almost  a l l  t h e  a n a l y t i c a l  research l a b o r a t o r i e s  w i t h i n  the  area. 
It seems t h a t  none of them a r e  set up t o  do thermograviinetric 
a n a l y s i s  as a s e r v i c e .  
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IV. DISCUSSION 

t 
Although s p e c i f i c  methods for determining t h e  va r ious  ox ida t ion  

F i r s t l y ,  the oxides  of n i c k e l  are s o l u b l e  i n  
s ta tes  of n i c k e l  could no t  be found nor developed, t h e  a n a l y t i c a l  
approach i s  f r u i t f u l .  
a mix ture  of ammonium hydroxide and ammonium p e r s u l f a t e .  
then  cone and qua r t e r ing  p l a t e s ,  r e p r e s e n t a t i v e  samples may be ob- 
t a ined .  
of t h e  l a t t e r  y i e l d s  one p i e c e  of r e q u i s i t e  information.  
de te rmina t ion  of  so lub le  n i c k e l  by e l ec t ro -depos i t i on  y i e l d s  a second 
p i e c e  of  information.  Hydrogen is then  determined d i r e c t l y  by t h e  
chromate ox ida t ion  method. 
d i f f e r e n c e  and the  percentage composition of t h e  n i c k e l  oxides  are 
t h u s l y  determined. 

By g r ind ing ,  

Separa t ion  of  e lemental  from oxid ized  n i c k e l  by d i s s o l u t i o n  
Secondly, 

Having a l l  t h i s ,  oxygen i s  determined by 

The accuracy of t h i s  method depends s t r o n g l y  on the  homogeniety 
of  t h e  samples withdrawn f o r  ana lys i s  and t h e  s u i t a b i l i t y  of t h e  
- -  1Lcke1 dztcrmination. Elec t ro-depos i t ion  methods a r e  well-known f o r  
t h e i r  accuracy.  Fo r tuna te ly ,  t he  hydrogen is  p resen t  i n  s m a l l  amounts 
so  t h a t  t h e  oxygen (from the  d i f fe rence)  cannot be i n  g r e a t  e r r o r .  
For  t h e  hydrogen i t s e l f  , a weakness exis ts .  
l i g h t e s t  element,  w i l l  have t o  be determined wi th  g r e a t  accuracy. 
Since t h e  composition i s  expressed i n  moles, a small e r r o r  i n  weight 
w i l l  be  magnif ied when converted t o  a mole b a s i s .  

Eydrogen, being t h e  

Th i s ,  then ,  i s  t h e  method for determining t h e  composition of  n i c k e l  
ox ides  f o r  t h e  remainder of t h e  c o n t r a c t .  

The s t r u c t u r e  o f  t he  oxides of n i c k e l  must come from o the r  phys i ca l  
methods. 3ecause of the  l a c k  of s t a n d a r d s ,  it appears  t h a t  X-ray d i f -  
f r a c t i o n  w i l l  be most u s e f u l .  

It h a s  been determined t h a t  t h e  u s e  o f  po lye thylene  as an  evap- 
o r a t i o n  r e t a r d a n t  has  i n t e r f e r e d  wi th  t h e  d i f f r a c t i o n  p a t t e r n s .  Tnis  
h a s  been d e f i n i t e l y  e s t ab l i shed  i n  F igures  2 t o  15 of t h i s  r e p o r t .  
A l l  f u t u r e  work w i l l  be done with p l a t e s  t h a t  a r e  w e t  wi th  aqueous 
potassium hydroxide ( t h i s  w a s  e s t ab l i shed  i n  a very  e a r l y  r e p o r t  i n  
t h i s  s e r i e s  - -  i n  t h e  Second Quarter ly  Report  under Contract  NAS 3-4178). 
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These f i g u r e s  a l s o  show that t h e  charged s t a t e  i s  nea r ly  amorphous. 
This i s  s p e c u l a t i v e l y  due t o  a d i s o r d e r  i n  t h e  c r y s t a l  s t r u c t u r e  of 
t h e  h ighe r  oxide.  A s  t h e  e l ec t rodes  are d ischarged ,  a d d i t i o n a l  l i n e s  
develop. Ul t imate ly ,  upon complete d i scha rge ,  t h e  d i f f r a c t i o n  p a t t e r n s  
are s imilar  t o  those  of impregnated but  unformed p l a t e s .  Th i s ,  i n  
s p i t e  of  t h e  f a c t  t h a t  t he  formed p l a t e s  are b l ack  and t h e  unformed 
are s t i l l  green. 



During formation of  a discharged n i c k e l  oxide,  o r  during charging,  
two s t a g e s  of normal ox ida t ion  occur; (1) s t a g e  of normal p l a t e a u  
charging wi th  small  l i b e r a t i o n  of oxygen and; (2) s t a g e  of overage 
wi th  cons iderable  evo lu t ion  of oxygen. 
i s  l i t t l e  change i n  t h e  d i f f r a c t i o n  p a t t e r n  of t h e  oxide phase which 
almost everyone ag rees  i s  hexagonal N i ( O H ) 2  i n  t h e  completely un- 
charged s ta te .  During h igh  r a t e  overcharge,  changes occur i n  t h e  
d i f f r a c t i o n  p a t t e r n .  
ance of a prominent l i n e  wi th  a "d" spacing of about  6.95 a t  high rates 
of charge.  
s t r u c t u r e  of Ni(OH)2 i s  based on hexagonal c l o s e s t  packing of oxygen. 
The Ni* ions  are p laced  i n  ac t ahedra l  i n t e r s t i c e s  i n  a l t e r n a t e  l a y e r s  
between t h e  0 l a y e r s .  
they  a r e  l i k e l y  t o  be involved i n  hydrogen bonds between p a i r s  of  
0 l a y e r s  which do n o t  con ta in  Ni* between them. 
(charging)  process  might then  involve (1) a n  e l e c t r o n  jump from a n  
Ni* i on  t o  t h e  ad jacen t  N i  metal  t o  form Ni*, (2)  removal of a 
pro ton  from t h e  s t r u c t u r e  by OH' i n  t h e  e l e c t r o l y t e ,  and (3) charge 
migra t ion  i n  t h e  Ni(OH)* by e l ec t ron  jumps between Ni* and Ni* 
and/or  pro ton  jumps from proton  p o s i t i o n s  t o  ho le s .  

During t h e  f i r s t  s t a g e ,  t h e r e '  

The most marked change occurs  wi th  the  appear- 

During t h e  f i r s t  p l a t eau  range of  charging,  t h e  c r y s t a l  

The loca t ion  of  t h e  hydrogen is  no t  known but  

The ox ida t ion  

This  d e s c r i p t i o n  i s  cons i s t en t  wi th  t h e  observa t ion  t h a t  charging 
occurs  wi th  r e l a t i v e l y  l i t t l e  s t r u c t u r a l  changes. The disappearance 
o r  shr inkage of  l i n e s ,  r a t h e r  than growth of new l i n e s ,  i s  r e f e r r e d  t o  
as a small s t r u c t u r a l  change. 

The s t r u c t u r a l  changes involve a type of d i so rde r ing  of c l o s e s t  
packed 0 l aye r s .  
l a y e r  due t o  l o s s  of  pro tons .  

This  might well  be caused by weakening of t he  i n t e r -  

The anodized n i c k e l  shee t  yielded p e c u l i a r  behavior and d i f f r a c -  
t i o n  p a t t e r n s .  
material  which y i e lded  no p a t t e r n  and disappeared wh i l e  being s tud ied .  
The lower ra te  and longer  (24 hour) anod iza t ion  gave a yel lowish 
d e p o s i t .  This  d e p o s i t  apparent ly  contained NiOOH. I n  both i n -  
s t a n c e s ,  t h e  r e s u l t s  of t he  anodizat ion were d i f f e r e n t  from the  usua l  
d i f f r a c t i o n  p a t t e r n s  obta ined  from impregnated s i n t e r e d  p l a t e s .  

The h igh  r a t e  (3 hour)  anod iza t ion  gave a b lack  

The s t a b i l i z a t i o n  experiments dea l ing  wi th  fo rna t ion  ra tes  and 
temperatures  appear  t o  have shown a condi t ion  where t h e  n i c k e l  ox ide  
w a s  s t a b l e  on a one day s t and ,  This was, p a r t i c u l a r l y ,  formation a t  
10°C. 
g r e a t e r  confidence can be placed on t h e s e  r e s u l t s  i f  they can be 
reproduced. 
of s tand  f o r  3 days.  
o f  t h e  experiment. To t h i s  ,end, formations w i l l  be c a r r i e d  out  a t  
10°C and 35 ma and 8OoC and 100 ma. A s  a c o n t r o l ,  a formation group 
a t  25OC and 100 ma w i l l  be used. This  la t ter  approximates t h e  usua l  
formation t rea tment .  

Although 9 c e l l s  were involved i n  t h i s  p o r t i o n  of t h e  work, 

A fad ing  of capaci ty  occurred which confounded t h e  r e s u l t s  
This  i n t e n s i f i e s  t h e  need f o r  r e p e t i t i o n  of  p a r t s  
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V. CONCLUSIONS 

1. Chemical a n a l y s i s  h a s  y i e lded  the  formula N i ( 0 H )  f o r  an  un- 
formed n i c k e l  oxide e l ec t rode .  This  l e d  t o  c e r t a i n  cons ide ra t ions  
f o r  improvement of accuracy which are  now being used. 

2 t 2  

2 .  D i f f r a c t i o n  p a t t e r n s  a r e  b e s t  obtained wi thout  t h e  polyethylene 
as a n  evapora t ive  b a r r i e r .  

3 .  Changes i n  t h e  d i f f r a c t i o n  p a t t e r n s  as a func t ion  of  s t a t e - o f -  
charge has  l e d  t o  a hypothesis  on t h e  order  of t h e  c r y s t a l  s t r u c -  
t u r e .  

4 .  Pre l iminary  and t e n t a t i v e  evidence has  been found i n d i c a t i n g  t h a t  
oxides  of n i c k e l  formed a t  c e r t a i n  experimental  condi t ions  a r e  
more s t a b l e  than t h e  usua l  i n d u s t r i a l  condi t ions .  

5. Two k inds  o f  d e p o s i t s  were found on anodized N i  f o i l .  One, b lack ,  
was amorphous and disappeared. 
appa ren t ly  i s  Z N i O O H .  I n  e i t h e r  case ,  t h e r e  i s  no resemblance 
t o  t h e  usua l  e l ec t rode .  

The o t h e r  w a s  yel lowish and 
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VI. FUTURE WORK 

A .  Addit ives  - Impregnation of 1-7/8" x 2-1/8" s i n t e r e d  p l a t e s  
w i l l  be done. 

B. Formation - The two super ior  groups , 10°C-35 m a  and 8O0C-1O0 m a ,  
w i l l  be formed using 25°C-100 m a  as a con t ro l .  . 

C. X-ray D i f f r a c t i o n  - Slow speed scanning a t  va r ious  peak h e i g h t s  
w i l l  be used as a means of d i sce rn ing  s ta te  of charge from t h e  
X-ray d i f f r a c t i o n  pa t t e rns  of va r ious  p o s i t i v e  p l a t e s .  

D. Method of  Evaluat ion of Improved Material - The means of evalua- 
t i o n  w i l l  be changed TO involve tests of p l a t e s  by capac i ty  l o s s  
a s  w e l l  a s  cyc l ing  p rope r t i e s .  This  w i l l  be done by e l e c t r o -  
chemical, X-ray, o r  chemical means, depending on the  develop- 
ment of t he  l a t t e r  t w o .  

-21- 
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